(12) 



UK Patent Application ,„ GB ,„> 2 185 331 „ 3 ,A 



(11) £- I KJxJ I (13) 

(43) Application published 16 Jul 1987 



(21) Aonlication No 8621090 


(51) INTCL 4 








G02B6/02 






#371 Hatoof fllinn 1 Can 1QRR 
LfaKQ Ol till fly 1 Oflp I3DO 










(52) Domestic classification (Edition 1) 




(30) Priority data 


G2JGBA1 GBB1 






lolj owlsfo**!^ w^f /oepiSM IOO J «lr 


(56) Documents cited 








GBA2140169 


GBA 2035601 






GBA2136239 


EPA2 0083843 




(71) Applicant 


GBA2118321 


EPA1 0026937 




Nippon Telegraph and Telephone Corporation, 


GBA2105488 


US 4402570 






GB A 2071351 


US 3997241 




(Incorporated in Japan), 










(58) Field of search 






No. 1-6Uchisaiwal-cho 1-chome,Ch1yoda-ku, Tokyo 100, 


G2J 






Japan 


Selected US specifications from IPC sub-class G02B 




(72) Inventors 








Masahani Ohashl, 








Nobuo Kuwaki, 








Shlgeyukl Selkal, 








Naoshltlesugl, 








Chihaya Tanaka 








(74) Agent and/or Address for Service 








Beresf ord & Co., 2-5 Warwick Court, High Hoiborn, 








London WC1R5DJ 









(54) Single mode optical fibre 

(57) A 1.5jLm zero dispersion single 
mode optical fiber comprises a center 
core 1 r a side core 2 disposed on an outer 
side of the center core 1 and having a 
refractive index lower than that of the 
center core 1, and a cladding portion 3 
disposed on an outer side of the side 
core 2. Each of refractive indices of the 
center core 1 and the side core 2 may 
have a step-like profile in a direction of a 
radius of the optical fiber. Alternatively 
the centre core 1 may have a 
graded-type, triangular or trapezoidal 
refractive Index profile. 
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SPECIFICATION 

Single mode optical fiber 

5 The present invention relates to a single mode optical fiber and more particularly to a single mode optical 5 
fiber for use in optical communications that is not susceptible to loss by bending when said fiber isformed 
into a cable and can cause a chromatic dispersion which Is a cause of deterioration In a transmission band- 
width to be zero at a wavelength of approximately 1 .5p,m at which optical fiber loss is minimized. 
A condition of light propagating in an optical fiber Is determined by a nomallzed frequency V. When a 
10 wavelength being used is K Vis given by the following equation. tO 



15 



20 



V=^n m aV2A 

In the above equation, n m is a core refractive index and a is a core radius. A is a value of a relative refractive 
index difference defined as 



15 



20 



2n 



m 



25 when a refractive index of a cladding is n 2 . It is known that in a step-index optical fiber, the optical fiber is in 25 
single mode when V<2.4 and a transmission bandwidth of a single-mode optical fiber is limited by chromatic 
dispersion. The chromatic dispersion Is given by the sum of a material dispersion dependant on the fiber 
material and a waveguide dispersion caused by a refractive index profile of the fiber. 
The material dispersion of silica optical fiber is positive In a longer wavelength region of a wavelength over 

30 1 .3ftm. On the other hand, the waveguide dispersion Is negative in a so-called single mode region In the case 30 
of a step-type fiber. Consequently, It Is clear that at a wavelength over 1 .3|un the chromatic dispersion given 
by the sum of these values can be made to be zero. On the other hand, the chromatic dispersion of a usual 
single mode optical fiber (step-type) designed for 1 .3^m band (A =0.003, 28= 1 0p,m) Is a large value of 1 6- 
20ps/km/nm in the 1 .5p.m wavelength region, so that such fiber is not suited to optical communication requlr- 

35 ing ultra-wide bandwidth. Therefore, in order to make the dispersion zero in the 1 .5fun wavelength region 35 
(1.51-1.59jun), It is sufficient that A be larger than 0.004 In the vicinity of V«1 for step-type optical fiber (alpha 
Index profile type). In this case, the radius of the core is small so that the arrangement is likely to have a larger 
bending loss. 

The following approximation can be made for a splice loss ot» with respect to an axial displacement d of a 
40 fiber. 40 



a, = 4.3(d/W) 2 (dB) 

45 45 

In this equation, W indicates a mode field radius. Consequently, when the axial displacement d is constant, 
the splice loss a, becomes smaller as the mode field diameter 2W increases. Furthermore, as the mode field 
diameter 2W becomes smaller, a power Is better confined inside the core, so that the bending loss decreass. 
However, when the mode field diameter 2W is large, the splice loss a« decreases, but the bending toss 

50 Increases. Consequently, the relationship between the bending loss and the splice loss Is traded off against 50 
the size of the mode field diameter 2W. For this reason. In an alpha Index profile type 1 .Bfim zero dispersion 
fiber, there is a disadvantage that the mode field diameter cannot be made large. 

Figure 1 1llustrates the relationship between a mode field diameter 2W of a conventional alpha index type 
1 .5(im band zero dispersion fiber and an allowable bending radius R*. The allowable bending radius R* is 

55 defined as the bending radius in a case that a bending loss of 0.01 dB/km occurs when an optical fiber is bent 55 
uniformly. Furthermore, the mode field diameter 2W Is a parameter expressing an expansion of the field of 
the lowest mode propogating through the ptical fiber. In a conv ntional 1 3iwn band zero dispersion fiber, 
the allowable bending radius R* at 1 .3ftm is 4cm and in this case, it has been confirmed that there Is no 
Increase In loss when the fiber is formed Into a cabl . That is, R*«4cm Is the standard of the all wabl 

60 bending radius when optical fiber is f rmedint acorewire r a cable. As seen in Figure 1,inanalpha-p wer 60 
Index profile 1 .5p.m band zero dispersion fiber, when the mode field diameter exceeds 8|i.m, the all wable 
bending radius is larger than that for a conventional 1 .3^m band zero dispersion ptical fiber at 1 .3|im, s 
that the arrangem nt Is likely to Increase a I ss when the fiber Is formed int a coated fiber or a cable. 
To overcome this disadvantage, Japanese Pat ntAppticati n Laying-open N .63-97849 entitled "Single 

65 Mode Optical Fiber" laid open on August 26, 1978 discloses an arrangement having Improved bending loss 65 
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characteristics in which an expansion of the field is made smaller than that of a conventional step-type index 
single mode optical fiber by making the refractive Index of the center portion of the core larger than that of the 
remaining or peripheral portion of the core in a conventional step-type refractive index profile. 

In this disclosure, however, there is a disadvantage that it is not possible to obtain zero dispersion and 
5 good bending characteristics as well as a reduced splice loss In the 1 .5p.m wavelength region. 5 

Furthermore, there is a disadvantage of poor manufacturability because of a large variation In the disper- 
sion vatue with respect to a variation In core diameter in the alpha index profile type 1 .5p.m zero dispersion 
fiber. 

In order to solve the above disadvantages, European Patent Application Laying-open No. 0127408 entitled 
10 'Optical Waveguide Fiber" laid open on May 12, 1 984 has proposed a segment-core type zero dispersion 10 
fiber having a core composed of at least two concentric portions surrounding the center portion of the core 
and Including one or more regions which are disposed between the two concentric portions and in which 
refractive indices are lowered than the concentric portions. However, this fiber has a complicated refractive 
Index profile, so that the control of the refractive index profile in the direction of the radius of the optical fiber 
15 is complicated in the fabrication process of the fiber. This means that it is difficult to control the refractive 15 
index profile. 

With the above in view, therefore, it is an object of the present invention to provide a single mode optical 
fiber having a low bending loss, a low splice loss and good controllability of zero dispersion wavelength 
without involving a complex refractive index profile. 
20 K Is another object of the present invention to provide a single mode optical fiber In which a refractive index 20 
profile Is easily controlled during a fabrication process of the optical fiber. 

It is a further object of the present invention to provide a single mode optical fiber suitable for the 1 .5jim 
optical transmission. 

It Is a still further object of the present invention to provide a single mode optical fiber that eliminates the 
25 above disadvantages and which is suitable for manufacturing by a VAD method. 25 
In order to achieve the above objects, a single mode optical fiber according to the present invention com- 
prises: 
a center core; 

a side core disposed on a n outer side of the center core and having a refractive index lower than that of the 
30 center core; and 30 
a cladding portion disposed on an outer side of the side core; 

each of refractive indices of the center core and the side core having a step-like profile in a direction of a 
radius of the optical fiber; and 

35 0.1iSRA2£0.3andA 1 >0.005 35 

when R A= A2/A,, and a relative refractive index difference A1 between the center core and the cladding 
portion is 



40 Ai=Cnr-naTlttnr 

, where is a maximum refractive index of the center core, and n 2 is a refractive index of thecladding 
portion, and a relative refractive index difference A2 between the side core and the cladding portion is 

45 A 2 =(n 3 2 -n 2 2 )/2n 3 2 



40 



45 



, where n 3 is a maximum refractive index of the side core. 

Here, the profile of the side core may have at least a small portion having a constant refractive Indexfrom 
the Innermost position of the profile of the side core. 
50 The centercore may have a graded-type refractive Index profile. 50 
The ceter core may have a step-type or substantially step-type refractive index profile. 
The center core may have a triangular refractive Index profile or trapezoidal refractive Index profile. 
The side core may have a step-type or substantially step-type refractive Index profile. 
The above and other objects, effects, features and advantages of the present Invention will become more 
55 apparent from the following description of preferred embodiments thereof taken in conjunction with the 65 
accompanying drawings. 

Figure I is a characteristics curve graph Illustrating a relatl nship between a mode fi Id diameter and an 
allowable bending radius of an alpha-p wer index profile 1 .5jtm zer dispersion single mode optical fiber; 
Figure 2 illustrates a refractive index pr file of an embodiment of an ptical fiber according t thepresent 

60 invention; ®° 
Figure 3\\\ustrat s a refractive index profile of another embodiment of an optical fiber according t the 

present Invent! n; 

Figures 4A and 40 are explanatory diagrams illustrating various refractive Index profiles of various step- 
like arrangements In emb diments fthepr sent Invention; 
65 F7gt/re5and Figure 6are characteristics curve graphs, ach Illustrating a relationship between a sldecor 65 
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radius a2 and a relative refractive index difference A1 in case of zero dispersion at 1 .55p.m ; 

Figure 7iilustrates a relationship between a core radius a2 and a relative refractive index difference A1 in a 
case that the center core is a graded type in which zero dispersion occurs at 1 .65|im in the embodiment of the 
present invention shown in Figure 3; 
5 Figure Sis a characteristics curve graph illustrating relationships of a chromatic dispersion with a change 5 
in a core diameter when A 1 =0.7% between a prior art step-index optical fiber and an optical fiber according 
to the present invention ; 

Figure9\s a characteristics curve graph illustrating bending loss characteristics for a bending radius of 
2cm when the mode field diameter is constant at 8jtm and R A is changed in case of Ra =0.5 in the em bod i- 

10 ments of the present invention shown in Figures 2 and 3; 10 
Figure 10 is a characteristics curve graph Illustrating an allowable bending radius when Ra and RA are 
changed for mode field diameters 2W of 8|im, 8.5pim and 9(an in the optical fiber according to the present 
invention shown in Figure 3; 
Figure 1 1 illustrates a refractive index profile in a specific embodiment of an optical fiber according to the 

15 present invention that was actually manufactured; and 15 
Figure 12\s a characteristics curve graph Illustrating comparatively measured values of bending loss char- 
acteristics (curve I) in an optical fiber according to the present invention shown in Figure 1 1 , bending loss 
characteristics In a graded index 1 .5 jon zero dispersion optical fiber (broken line curve II) and in a 1 ,3fim zero 
dispersion optical fiber (dash-and-dotted line curve III) (\=1.3nm). 

20 An optical fiber according to the present invention is an optical fiber having a step-like refractive index 20 
profile which has a center core and a side core or lower refractive index core having a lower refractive index 
than the above-mentioned center core and formed on the outer periphery side of that center core and which 
further has a clad portion formed on the outer periphery side of the above-mentioned side core- In the 
above-mentioned optical fiber, it is assumed that a relative refractive Index difference between the center 

25 core and the clad portion is A1 , and a relative refractive Index difference between the side core and the clad 25 
portion is A2, and that R A = A2/A1 . RA and A1 have values in ranges 0.1 ^RssO.3 and A1 2=0.005. Here, A 1 
indicates 



a* n t 2 -n 2 2 n,-n 2 

A1 — i — 2 — 

2n, z n! 



30 



, where ni is the maximum refractive index of the center core and n 2 is the refractive index of the cladding 
35 portion. A2 indicates 35 



A „_ n 3 2 -n 2 2 n 3 ~n 2 

A2 = — — — 5— — 

2n 3 2 n 3 

40 40 

r where n 3 is the maximum refractive Index of the side core and n 2 Is the refractive Index of the clad portion. 

By setting the values of RA and A1 in the ranges described above, the material dispersion and the wave- 
guide dispersion are cancelled mutually to realize zero dispersion. 

Figure 2 shows a refractive index profile In the direction of radius In an embodiment of an optical fiber 
45 according to the present invention when the center core has a step Index profile. 45 

Rgure 3 shows a refractive index profile in the direction of radius of an embodiment of an optical fiber 
according to the present invention when the center core has a graded index profile. 

In these drawings, reference numeral 1 denotes a centercore. Reference numeral 2 denotes a side core 
having a lower refractive index than the center core 1 and formed on the outer periphery side of the center 
50 core 1 . Reference numeral 3 denotes a cladding portion surrounding the side core 2. 50 

As Is dear from Figures 2 and 3, an optical fiber according to the present Invention has a step-like arrange- 
ment having a lower refractive index core 2 on the outer periphery side of the centercore 1, and a cladding 
portion 3 on the outer periphery side of that lower refractive Index core 2. The lower refractive Index core 2 
and the cladding portion 3 are adjusted so that their refractive Indices vary as closely as possible In a step-tike 
65 profile, and the refractive index ratio RA is set within the range of the presentlnventlon mentioned above, 65 
that is, 0.1^RA=s0.3 

lntheembodimentsshowninFigures2and3,therefr8CtlveIndexpr fileofth centercore 1 1n the 
direction of radius Is given by the following equation when a maximum refractive index at the center of the 
core is nv 

60 60 



ni a, 

65 (r^a,) 



65 
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.where r is a distance from the center of the optical fiber, a, is the radius of the center core. n 3 is the maximum 
refractive index of the side core 2. a is a profile parameter of the refractive index profile. When a= 1 , the 
profile is triangular-type, when a=2, the profile is graded-type (Figure 3) f and when ct=», the profile Is step- 
type (Figure 2). In this manner, the refractive index profile n(r) of the center core changes according to the 
5 above equation. 5 
Figures 4A and 4B show various embodiments of step-like index profiles for both the center core and the 
side core. As seen from Figures 4 A and 4B, the refractive index of the side core 2 formed on the outer 
periphery side of the center core 1 is n 3 at the innermost position, and in a region a 2 >r>a t , there is at least a 
small portion where the refractive index is flat at n 3 . Moreover, It Is sufficient that the refractive Index of this 
10 side core 2 has a value between the refractive index of the center core 1 and the refractive Index of the 10 
cladding portion 3, and as long as these conditions are satisfied any type of refractive index profile may be 
within a scope of this invention and the present invention is not limited to a complete or substantial step-like 
index profile. 

Here, a refractive index difference is formed between the maximum refractive index n 3 of the side core 2 
15 and the maximum refractive index n t of the center core 1. In other words. In the present invention, the 15 
refractive index profile of the center core 1 is basically not limited, and any profile is acceptable as long as 
there is a step-like difference between the refractive indices of the above-mentioned lower refractive Index 
core or side core 2 and the center core 1 . 
In the present invention, the term "step-like refractive index profile"' for the center core is widely defined to 
20 include a profile in which there exists a difference n 1 -n 3 (>0) between the maximum refractive Index ni of the 20 
center core and the maximum refractive index n 3 of the side core and is not limited to a complete step index 
profile as shown in Fig ure 2 and also includes a graded-type index profile as shown in Figure 3, and triangular 
and trapezoidal Index profiles as shown in Figures 4A and 4B. 
Furthermore, the term "step-like refractive index profile "for the side core is widely defined to include a 
25 profile in which there exists a difference n 3 -n 2 (>0) between the maximum refractive index n 3 of the side core 25 
and the refractive index n 2 of the cladding portion, including the profiles as shown in Figure 2 and Figure 3, or 
the profiles as shown in Figures 4A and 4B. 

As mentioned before, index profiles of the center core and the side core are substantially step-like refract- 
ive index profiles as shown in Figures 2, 3, 4A and 4B. 
30 In an optical fiber according to the present invention, a power propagating through the optical fiber is 30 
mostly trapped In the center core, while the mode field diameter is widened by the side core. The side core, 
however, also has a trapping effect of power, so that the optical fiber according to the present invention can 
improve Its bending characteristics, even if the mode field diameter Is increased. 
Next, an explanation will be made of how zero-chromatic dispersion waveguide parameters are obtained. 
35 In general, the following equation is used to express the chromatic dispersion a of a single mode optical 35 
fiber: 



40 ^g- Cll 40 

Here, c and X. denote the light velocity in vacuum and wavelengt of light, respectively, k i-2-n/k) Is a wave- 
numberand $ is a propagation constant of the fundamental HE n mode, kd 2 p/dk*in equation (1) areex- 
45 pressed as follows. 45 



,where, 

v«a(kW-k 2 n 2 2 ) ,/2 =akn l (2*) 1 ' 2 



55 



55 



n* 2 



# 2 " 
Hi -n 2 



60 



N,«n,+kdn,/dk(i=1,2) 



60 



H re, a Is the core radius and n, and n 2 are the refractive Indices of the core and the cladding porti n, 
respectively. Furthermore, V is a normalized frequency, and b Is a normalized propagati n constant. Ni and 
65 N 2 are group refractive Indices ft he core and cladding portion, respectively. In a case such as an optica I fib r 65 
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according to the present invention having a non-uniform core formed from the center and side cores 1 and 2 
which do not have uniform refractive index profiles, it is convenient to use a normalized frequency Tas 
defined by the following equation instead of the value V. 



5 

T 2 = 2k 2 f [n 2 (r)-n, 2 lrdr 



^ ln 2 (r>-n 2 2 Jn 



10 n(r)>n 2 



10 



Here, k is a wave number in vacuum, n(r) is a refractive index at a distance r from the center of the core and n 2 
Is the refractive index of the cladding portion. 
1 5 Here, the T value is equal to the V value when the refractive index profile is a step-index profile, so that theT 1 5 
value can be considered as an effective V value for a refractive index profile deviated from a step-Indexflber. 
In this case, the terms d( Vb)/d V and d 2 (Vb)/dV 2 showing the dispersion relating to the waveguides of equation 
(2) can be replaced with the followings: 



20 



d(Vb) = d(Tb) 
dV " dT 

w d 2 (Vb) _d(Tb) 

V — T-pr = I ■ 



25 dV 2 dT 2 



20 



25 



The chromatic dispersion is obtained from equations (2) and (1 ). The first term on the right side of equation 
(2) represents the material dispersion. The third term represents the waveguide dispersion. The second term 
a cross-term for the waveguide dispersion and the material dispersion. The material dispersion can becalcu- 

30 lated from the Sellmeier equation, and the waveguide dispersion can be calculated by obtaining a propaga- 30 
tion constant of the fundamental HE, , mode. The propagation constant can be obtained by solving a wave 
equation. In case of an optical fiber having a non-uniform core, a value of the propagation constant can be 
obtained by dividing the refractive index profile Into a plurality of layers to find a electromagnetic field profile 
at each layer and then by calculating the propagation constant from the boundary conditions of electro- 

35 magnetic field components in each layer. Details of these operations can be found In the paper entitled "On 35 
the accuracy of scalar approximation technique In optical fibre analysis," by K. Morishita et al, at pp. 33-36 of 
IEEE Tran. Microwave Theory Tech. Vol. MTT-28, 1 980 and In the paper entitled "An exact analysis of cylindri- 
cal fiber with index distribution by matrix method and Its application to focusing fiber," by T. Tanaka et al, at 
pp. 1-8 of Trans. IECE Japan, Vol. E-59, 1976. 

40 On the other hand, the fiber parameters realizing the zero dispersion can be found by calculating equation 40 
(1 ). For further details, refer to the paper entitled "Disperslonless Single-Mode Light Guides With a Index 
Profiles," by U.C. Paek et al, at pp. 583-598 of The Bell System Technical Journal, Vol. 60, No. 5,May-June 
1 981 , and to the paper entitled "Tailoring Zero Chromatic Dispersion into the 1 .5-1 .6jtm Low-Loss Spectral 
Region of Single-Mode Fibers," by L.G. Cohen et al, at pp. 134-135 of Electronics Letters, Vol. 15, No. 12, June 

45 7,1979. 4 5 

Figures 5 and 6 show the results of calculations obtained by the calculation method described above for the 
relationship between the fiber parameter A1 and a 2 which produces zero dispersion at a wavelength of 
1.65(im In an embodiment of an optical fiber In which the center core has a step-index as shown in Figure 2. 

In Figure 5, Ra is 0.5 and R A is a parameter. In Rgure 5, curves (a), (b), (c) and (d) showthe relationships 
50 when RA Is 0.2, 0.5, 0.7 and 1 .0, respectively. In Figure 5, the curve (a) when RA=0.2, for example, shows that 50 
ff A1 =0.7%, there are two core radii 2.2(im and 3.5p.m which produce zero dispersion at 1 .55|un. In general, a 
bending loss grows larger when the core diameter is small, and consequently a larger core diameter is 
selected when designing an optical fiber. In this case, a 2 is 3.5pjn and a,ls 1 .75|tm. 

Rgure 6 shows relationships between parameters Ra that produce zero dispersion at 1.55|tm when 
55 R A-0.2. In Rgure 6, curves (e), (f ), (g>, (h) and (!) show relationships between the core radius a 2 and Al when 65 
Ra is 0.2, 0.3, 0.5, 0.8 and 1 .0, respectively. 

It can be seen from Figures 5 end 6 that In case of an optical fiber In which the center core has a step-Index 
pr file, A1 must be equal to or greater than 0.005 in orderto obtain zero dispersl nat1.55jun.lt Is also n t d 
that for an optical fiber in which the center core has a graded-index profile as shown In Rgure 3, A1 must be 
60equalt or greater than 0.007 in order to produce zer dispersion at 1.55p,m. The result was obtained by 60 
perf rming the same calculations as In the cases of Rgure 5 and Rgure 6. 

Rgure 7 shows results of calculations for the relationship between parameters RA which produce zero 
dispersion at 1 .55|xm where Ra =0.5 in case of an optical fiber In which the center core has a graded-index 
profile as shown in Rgure 3. it can be seen from Rgure 7 mat when the center core has a graded-index profile, 
65 Al must be greater than 0.007 in order to produce zero dispersion at 1.55|Lm. 65 
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Furthermore, Figure 8 illustrates to compare changes in chromatic dispersion with respect to changes in 
the core radius when A1 =0.7% in a prior art step-index optical fiber with those in an optical fiber according to 
the present Invention whose center core has a step-index profile. In Figure 8, a solid line denotes results of 
calculations for a relationship between changes In the chromatic dispersion of an optical fiber according to 
5 the present Invention and a core radius a 2 when RA=0.2 and Ra=0.5. Furthermore, a broken line shows that 5 
relationship for a prior art step-index 1 .5jim zero dispersion optical fiber. 

As can be seen from Figure 8, there are two core radii which produce zero chromatic dispersion at a 
wavelength of Ao=1 .BB^m. Here, the smaller core radius has poor bending characteristics, and therefore 
cannot be used in designing an optical fiber. Consequently, in the case of the larger core radius where zero 
10 dispersion occurs, a higher accuracy in the value of the core radius a 2 Is not required as the gradient of the 1 0 

dispersion with respect to the core radius is smaller, and hence the control of dispersion Is facilitated in this 
case. 

As is dear from Figure 8, in a structure of an optical fiber according to the present invention, there is less 
variation in chromatic dispersion with respect to changes In the core radius, compared with that in a prior art 

1 5 step-index optical fiber. Consequently, there Is an advantage that the zero dispersion wavelength can easily 1 5 
be controlled when manufacturing an optical fiber according to the present Invention. 

Figure 9 shows results of calculations of a bending loss at a bending radius of 2cm when a mode field 
diameter as defined by the electric field of a fundamental mode of a single mode optical fiber is constant. 
Here, Ra is 0.5 and RA is varied. The data in Rgure 9 were obtained for a wavelength X of 1 .55^m and a mode 

20 fielddiameter2Wof8.0^m(W=4jtm).lnthesecalculations,undertheconditionsthatRa=0.5,memo 20 
diameter 2W is 8ftm and zero dispersion occurs at 1 .55jtm, a 2 and A1 can be determined suitably with respect 
to RA. In Figure 9, the bending loss is calculated by using a 2 and A1 determined in this manner. 

In Rgure 9, a solid line shows results for the optical fiber shown in Figure 2, and a broken line for that 
shown in Figure 3. Fu rthermore, when R A=0 or 1 , the optical fiber is a prior art 1 .5M.m zero dispersion fiber 

25 having a single core, a nd the solid line indicates a prior art step-index 1 .5ji.m zero dispersion optical fiber at 25 
R A=0 and 1 , and the broken line indicates a prior art graded-index 1.5fim zero dispersion optical fiber. 

As can be seen from Figure 9, changing the refractive index profile of the center core 1 from a step-index 
profile to a graded-index profile allows for a significant improvement In bending characteristics. Consequ- 
ently, bending characteristics are largely improved by changing the refractive index profile of the center core 

30 1- 30 
Rgure 1 0 shows bending characteristics in the embodiment shown In Figure 3, that is, the optical fiber in 
which the center core 1 has the graded-index profile. In Rgure 10, an allowable bending radius R # is used 
Instead of a bending loss value. The allowable beding radius R # is defined as a bending radius which results 
in a loss value of 0.01 dB/km when an optical fiber Is wound around a mandrel having a constant diameter. 

35 The allowable bending radius R * corresponds to an amount of the bending loss. The smaller Is the allowable 35 
bending radius, the smaller will be the value of the bending loss. 

In Figure 10, it can be seen that bending loss characteristics can be improved by selecting a value of R A 
from 0. 1 to 0.3. That is, fa vora ble bending characteristics can be obtained by selecting RA and Ra. Values In a 
range of 0.1 sRA^O.3 offers the optimum bending loss characteristics. A splice loss is given as a function of 

40 the mode field diameter. Therefore, in order to have a constant splice loss, the comparison of bending char- 40 
acteristics has been made here under the condition that a mode field diameter is constant. 

Rgure 11 shows a refractive index profile of a specific embodiment of an optical fiber according to the 
present Invention. In this case, RA=0.15 and Ra=0.3. Furthermore, measured values of the bending loss 
characteristics of th is optical f i ber are shown In Rgure 1 2 by a circle when the mode field diameter 

45 2W=8.6|un. In Figure 1 2, a solid curve I is the best fitted curve to the actually measured values. For purposes 45 
of comparison, bending loss characteristics are also shown for a prior art graded-index 1 .5jun zero disper- 
sion optical fiber (broken li ne II, 2W=8.5p,m) and for a 1 .3fi.m zero dispersion optical fiber (dash-and~dotted 
line III, X=1.3|tm). 

It can be seen clearly in Figure 1 2 that the characteristics I of the optical fiber according to the present 
60 invention are much superior to the bending characteristics III of the prior art 1 .3u.m zero dispersion fiber. 50 
Moreover, It can also be seen clearly that the characteristics I are far superior to the bending characteristics II 
for the graded-index profile zero dispersion fiber. These results confirm that no loss increases due to bending 
during formation into a coated fiber or a cable In case of the 1 ,B\im zero dispersion optical fiber. 
When considering along distance communication system, it Is necessary to take Into account causes of 
65 loss such as splice loss, bending toss and transmission I ssin rdertomlnimiz the total I ssov r a repeater 55 
spacing. 

Asisclearfrom Figures9, lOand 12, an optical fiber according t the present Invention offers a smaller 
bending loss than a prior a rt step-index optical fiber. Accordingly, under a c ndltion that a total splice loss 
Includ dinthetransmissionlineisconstant,anopticalfiberaccordingtothepresentlnv ntlonatl wsf ra 
60 greater possible transmission line length at which a pred terminedl ss value Is attained and therefore the 60 
optical fiber Is effective in increasing a repeater spacing. 

The optical fiber according to the present invention as explained above makes It possible to make a ben- 
ding loss lower tha n that at 1 .3$un f r a prior art 1 3pm zero dispersl n fiber. As a result It Is possible t 
supress any increase in loss during a cabling pr cess to a far greater extent than that in case of optical fibers 
65 having other profiles. Acc rdingly,th present invention ffers a large effect in extending a repeater spacing. 65 
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Since the mode field diameter can be increased without deteriorating the bending characteristics, the splice 
loss can be effectively reduced. Furthermore, the chromatic dispersion varies only to a small extent with 
respect to changes in the core diameter, so that there is an advantage of good controllability of the zero 
dispersion wavelength. Moreover, a refractive index profile of the core in an optical fiber according to the 
5 present invention is simpler than the segment-core-index profile optical fiber disclosed in European Patent 5 
Application Laying-open No. 01 27408, so that it is easier to control the refractive index distribution. Consequ- 
ently, an optical fiber according to the present invention can be manufactured by a VAD method, thereby 
allowing for high speed synthesis of the optical fiber. Furthermore, an optical fiber according to the present 
Invention also offers an advantage that it can be manufactured extremely simply under any kind of con- 
10 ventlonal manufacturing process for an optical fiber including the VAD method and an MCVD method. More- 10 
over, an optical fiber according to the present invention has an ultra-wide bandwidth and a low loss, and 
hence can be used as long-distance, optical trunk transmission line with an extremely large transmission 
capacity. 

15 CLAIMS 15 

1. A single mode optical f ibercomprising: 
a center core; 

a side core disposed on an outer side of said center core and having a refractive index lower than that of 
20 said center co re; and 20 
a cladding portion disposed on an outer side of said side core; 

each of refractive indices of said center core and said side core having a step-like profile in a direction of a 
radius of said optical fiber; and 

25 0.1:ssRA:s0.3and A^O.005 25 

when RA= A2/A1, and a relative refractive Index difference A1 between said center core and said cladding 
portion is 

30 A 1 =(n, 2 -n 2 2 )2n 1 2 30 

, where ni is a maximum refractive index of said center core, and n 2 Is a refractive index of said cladding 
portion, and a relative refractive index difference A2 between said side core and said cladding portion is 

35 A 2 =(n 3 2 -n 2 2 )/2n 3 2 35 

, where n 3 Is a maximum refractive Index of said side core. 

2. A single mode optical fiber as claimed in claim 1 , wherein the profile of said side core has at least a 
small portion having a constant refractive Index from the Innermost position of said profile of said side core. 

40 3. A single mode optical fiber as claimed in claim 1 or 2, wherein said center core has a g raded-ty pe 40 
refractive index profile. 

4. A single mode optical fiber as claimed in claim 1 or 2, wherein said ceter core has a step-type or 
substantially step-type refractive index profile. 

5. Aslngle mode optical fiber as claimed In claim 1 or 2, wherein said center core has a triangular refract- 

45 ive index profile. 46 

6. A single mode optical fiber as claimed in claim 1 or 2, wherein said center core has a trapezoidal 
refractive index profile. 

7. Aslngle mode optical fiber as claimed in claim 1 or 2, wherein said side core has a step-type or substan- 
tially step-type refractive index profile. 

50 8. A single mode optical fiber as claimed In any one of claims 3-7, wherein said side core has a step-type 60 
or substantially step-type refractive index profile. 

9. A single mode optical fiber substantially as herein described with reference to and as illustrated In the 
accompanying drawings. 

10. A single mode optical fibre substantially as herein described with reference to any of Figures 2 to 12 of 

65 the accompanying drawings. 65 
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